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Exciton fine structures were observed in partially polarized optical reflectance and
cathodoluminescence CL spectra of AlN epilayers grown by low-pressure metalorganic vapor
phase epitaxy on 0001 Al2O3 substrates. A few free and four bound exciton lines were clearly
resolved in the low-temperature CL spectra of the lowest threading dislocation density 1
108 cm−2 AlN film. From the energy difference between the ground-state and the first excited
states, the hydrogenic A-exciton binding energy in the present compressively strained a /a
−1.68% AlN was estimated to be approximately 51 meV. © 2009 American Institute of Physics.
DOI: 10.1063/1.3068335
I. INTRODUCTION
Aluminum nitride AlN has a wide direct bandgap of
6.01 eV Ref. 1 and is one of the promising candidates for
the realization of optoelectronic devices operating in deep
ultraviolet wavelengths. Recently, an electroluminescence
peak at 210 nm at room temperature has been reported for an
AlN p-i-n homojunction light-emitting diode LED.2 How-
ever, its external quantum efficiency was 10−6%, which was
far lower than those of InGaN blue LEDs.3 To improve the
device performance, it is important to investigate the funda-
mental optical properties of AlN, such as the light polariza-
tion of the emission for better light extraction and the band-
gap energy Eg for determining the emission wavelengths of
AlGaN and AlInN alloys.
The Eg value of AlN has first been investigated in the
1970s. For example, Yim et al.4 reported Eg=6.2 eV at 300
K and Perry and Rutz5 reported Eg=6.28 eV at 5 K by
means of optical absorption measurements. Most of the pio-
neering researches on the near-band-edge NBE exciton
transitions in AlN have been carried out by theoretical
calculations6–12 because of the difficulty in growing high
quality AlN crystals. However, the obtained crystal-field
splitting cr of the valence band was scattered from 58 to
244 meV, while the spin-orbit splitting so was com-
monly approximately 20 meV. AlN epilayers that exhibited
exciton structures have later been grown by metalorganic
vapor phase epitaxy MOVPE and plasma-assisted molecu-
lar beam epitaxy on 0001 Al2O3,
13–15 0001 SiC,14,16 and
111 Si substrates.14 Excitonic emission peaks/shoulders
have been observed in the cathodoluminescence CL
spectra,13,14,17 and they have been assigned to the recombi-
nations of free and bound excitons by comparing the data
with the optical reflectance OR spectra.17 However, there
remained ambiguity for the assignment, because the exci-
tonic reflectance anomaly and even a part of multiple inter-
ference fringes due to the internal reflection in the OR spec-
tra have been observed in photon energies higher than the CL
peak.17 Li et al.18 pointed out that they originated from the
polarization selection rules of AlN, and have assigned the
main photoluminescence peak at 6.033 eV at 10 K as being
due to the recombination of free A7-excitons, making a
comparison with the theoretical calculation of the band struc-
ture. Recently, nearly strain-free AlN single crystals of high
crystalline quality were grown by the self-seeded sublima-
tion recondensation technique.19,20 Chen et al.21 observed
OR anomalies originating from A- and unresolved B9-
and C7-exciton resonances in the m-plane of the bulk AlN
single crystal.19 The excitons have been assigned according
to the polarization selection rules6–12 that A-transition is al-
lowed for the light whose electric field vector E is polarized
parallel to the optic c- axis E c, while B- and
C-transitions are principally allowed for the light polariza-
tion E perpendicular to the c axis Ec. They also observed
B- and C-exciton resonances in c-plane epilayers grown on
0001 Al2O3. By comparing the results with calculated ex-
citon energies and oscillator strengths, the A-, B-, and
C-exciton transition energies in strain-free AlN have been
determined to be 6.025, 6.243, and 6.257 eV, respectively, at
1.7 K. Accordingly, cr has been estimated to be 230 meV.
These previous experimental results indicated that B- and
C-exciton resonances have been dominantly observed in op-
tical spectra of c-plane epilayers. Therefore, true Eg of AlN
has been recently recognized to be 6.00–6.05 eV at room
temperature by subtracting cr from the classical value being
6.2 eV. Silveira et al.22 observed OR anomalies originating
from ground-state and first excited state A-exciton reso-
nances at 6.029 and 6.065 eV, respectively, at 6 K from
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a-plane of the bulk AlN single crystal.20 They also found B-
and C-exciton resonances at 6.243 and 6.268 eV, respec-
tively, from c-plane of the same bulk single crystal. Accord-
ing to the energy separation between the ground-state and
first excited-state A-exciton resonances, its hydrogenic bind-
ing energy has been estimated to be 48 meV.22 They also
measured the CL spectra of AlN homoepitaxial layers grown
on c-plane bulk AlN. The NBE CL peak at 6.023 eV was
assigned to the radiative decay of free A-exciton, and the
peaks at 5.984, 6.000, 6.008, and 6.014 eV were assigned to
the recombinations of bound excitons, although there still
remained ambiguity.22
In this article, results of partially polarized OR and CL
measurements on approximately 2-m-thick compressively
strained AlN epilayers grown by low-pressure MOVPE on
0001 Al2O3 substrates are shown to discuss the exciton
resonance energies and the binding energy. Distinct four
bound exciton lines as well as ground-state and excited-state
free exciton lines are resolved in the low-temperature CL
spectrum of the sample having the lowest threading disloca-
tion density TDD of approximately 108 cm−2.
II. EXPERIMENTAL
A. Samples
Approximately 2-m-thick unintentionally doped AlN
epilayers were grown without the low-temperature nucle-
ation or so-called buffer layer. The growth details will be
found in Refs. 15 and 23. The epilayers commonly exhibited
an atomically flat surface with monolayer atomic steps, as
shown in the atomic force microscopy AFM images in
Figs. 1a–1c. Lattice parameters and TDDs of the samples
were estimated by high-resolution x-ray diffraction measure-
ments using the Bruker axs D8 Discover system, which was
equipped with a four-crystal Bartels 220 Ge monochro-
mator resolution limit lim=18 arc sec and a three-
bounce 220 Ge analyzer crystal diffractometer 2lim
=12 arc sec. In-plane a and out-of-plane c lattice pa-
rameters were calculated from the peak positions of 101̄0
and 0002, which were measured by a conventional -2
x-ray diffraction scan: The in-plane a lattice parameter was
measured by tilting the sample by an angle =89–89.5,
which is an angular position of the surface normal in the
direction perpendicular to the diffraction plane. A variable
slit analyzer 2lim=72 arc sec at a slit width of 0.1 mm
was used to measure the 101̄0 diffraction peak.
The densities of TDs having edge, screw, and mix com-
ponents NE, NS, and NM, respectively were calculated from
the values of full width at half maximum FWHM of
101̄0, 0002, and 101̄2 AlN diffraction peaks of x-ray
rocking curves XRCs E, S, and M, respectively
using the relation
NE,S,M = E,S,M
2 /4.35bE,S,M2 , 1
where b is the Burgers vector and E, S, and M represent
edge, screw, and mix, respectively.24 Note that XRCs were
measured with a resolution limit lim of 18 arc sec, which
corresponds to errors of 2106, 7105, and 5105 cm−2
for NE, NS, and NM, respectively. The XRCs are shown in
Figs. 1d–1f. By adjusting the growth conditions such as
growth temperature, molar flow ratio of NH3 to trimethyla-
luminum, reactor pressure etc., AlN epilayers of different
TDDs were prepared. Among those, three representative
samples A0 NE=11010, NS=2106, and NM =1
109 cm−2, A1 NE=1109, NS=2107, and NM =2
108 cm−2, and A2 NE=2108, NS=2107, and NM =2
107 cm−2 were selected for the optical measurements.
Cross-sectional bright field transmission electron microscopy
TEM image of sample A0 is shown in Fig. 2 as an ex-
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FIG. 1. Color online a–c AFM images of 2-m-thick AlN epilayers
of various edge-type TDD NE grown on 0001 Al2O3 substrates. d–f
XRCs for the 0002, 101̄0, and 101̄2 AlN diffraction peaks of the same
samples.
FIG. 2. Color online Cross-sectional bright field TEM image of the rep-
resentative sample A0 NE=11010.
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be 11010, which is consistent with the value estimated us-
ing Eq. 1 NE=11010 cm−2. In-plane and out-of-plane
lattice parameters a ,c were
0.310 97	0.000 52, 0.498 31	0.000 04 nm for A0,
0.306 49	0.000 52, 0.499 11	0.000 04 nm for A1, and
0.305 96	0.000 52, 0.499 19	0.000 04 nm for A2. The
residual in-plane biaxial compressive strain uniaxial tensile
strain along the c-axis originating primarily from the ther-
mal mismatch between AlN and Al2O3 increased from
0.07% 0.02% to 1.68% 0.20% with the decrease in
NE.
B. Optical measurements
OR spectra were measured at 10 K using a 300 W Xe
lamp, and CL was excited by an electron beam operated at
3.5 kV with the probe current density of 1.0
10−2 A·cm−2 at sample. The reflected light for OR mea-
surement and CL were dispersed by a 67 cm focal-length
Czerny–Turner monochromator McPherson 207 equipped
with a 1200 groove/mm grating. The monochromator was
purged with nitrogen gas in order to minimize absorption by
the oxygen molecules and H2O. For both measurements,
phase-sensitive detection was carried out using a Hamamatsu
R-758 GaAs:Cs photomultiplier or a Hamamatsu R-1220
solar-blind detector. The minimum spectral resolution was
0.01 nm nearly 0.4 meV at the wavelength of 200 nm.
Schematic diagram of the partially polarized OR and CL
measurements is shown in Fig. 3. A Glan–Thompson prism
polarizer Kogakugiken DUVGT-15 was used, because it
has a constant transmittance 
80% from 193 nm–2 m.
The incidence angle was 30° for OR measurement. For
s-polarized light polarization vector set perpendicular to the
plane containing both incidence light k vector and the surface
normal, only Ec polarized light is detected. For
p-polarized light polarization vector set parallel to the plane
described above, on the other hand, E c component is su-
perimposed on Ec polarized light. Although the
p-polarized light is not fully polarized to E c, noticeable
change in the OR spectra can be seen, as shown later.
III. RESULTS AND DISCUSSION
A. CL spectra in general
A series of normalized CL spectra measured at 12 and
300 K is shown in Fig. 4a. The spectra near the band edge
at 12 K are magnified in Fig. 4b. The peak energy of the
NBE emission shifted to the higher energy with the increase
in in-plane compressive strain decrease in NE, reflecting the
dependence of exciton energies on biaxial strain.25 In Ref.
25, Ikeda et al. analyzed experimentally obtained depen-
dence of exciton transmission energies on biaxial strain using
an appropriate Bir–Pikus Hamiltonian26 for the wurtzite
crystal structure. Through the calculation, we have found that
cr=−152.4 meV and so=18.9 meV for strain-free AlN
gave the best fit.25 The values are close to the theoretical
values reported by Shimada et al.10 and Pugh et al.11
Integrated CL intensity of deep emission bands between
2.5 and 4.8 eV over that of the NBE emission was decreased
by reducing NE to lower than 110
9 cm−2. Since the deep
emission bands20,27–30 at 4.6 and 3.2–3.8 eV have been
attributed30 to originate from VAl and VAl-O and VAl-shallow














FIG. 3. Color online Schematic diagram of the partially polarized OR and
CL measurements. In s-polarization, purely Ec is fold. In p-polarization,
E c component is superimposed on Ec. 3 4 5 6
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FIG. 4. Color online Normalized CL spectra measured at a 12 K and b
300 K of the 2-m-thick AlN epilayers of various NE. c The NBE CL
spectra at 12 K.
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decreased with TDD, as is the case with VGa in GaN.
31 As a
matter of fact, the S parameter obtained from the Doppler
broadening spectra of positron annihilation -rays,32 which
represents the concentration or size of VAl and/or
VAl-complexes, for the lowest TDD sample A2 NE=2
108 cm−2 was the smallest 0.4582 among those reported
for AlN epilayers grown by molecular beam epitaxy
0.4668–0.4760 for NE	11010–1011 cm−2 Ref. 30 and
present MOVPE samples. Because sample A2 NE=2
108 cm−2 was the best epilayer we had, high-resolution
OR and CL measurements were carried out to discuss exci-
tonic properties. We note that the oxygen concentration of
this particular sample was measured by secondary ion-mass
spectrometry to be lower than 21018 cm−3.
B. High-resolution OR and CL spectra of the lowest
TDD sample A2
High-resolution OR and CL spectra measured at around
10–12 K are shown in Fig. 5. Since unpolarized CL spectrum
Fig. 5f exhibited spectral fine structures, the spectrum
was deconvoluted assuming eleven Lorenzian functions,







4E − Ei2 + wi
2 , 2
where I0 is a background, Ii is an amplitude, wi is a FWHM
value, E is photon energy, and Ei is a peak energy. Fitting
parameters, Ii, wi, and Ei, are summarized in Table I. The
fitting result and deconvoluted spectra are shown in Figs.
5g and 5h, respectively. As shown, distinct four bound
exciton lines between 6.1040 and 6.1243 eV, free excitonic
two lines and a shoulder higher or equal to 6.1383 eV, and
their phonon replicas lower than 6.058 eV were resolved.
They are so assigned by comparing s- and p-polarized CL
and OR spectra. As shown in Figs. 5a and 5b, the OR
spectra exhibited interference fringes due to the multiple in-
ternal reflections in the AlN layer, in addition to excitonic
reflectance anomaly33 around 6.28 eV Ref. 17 for both po-
larization configurations. The multiple interference fringes
were analyzed using a one-layer model,34,35 in which a single
AlN layer thickness d=2 m and refractive index n1 Ref.
36 is inserted in between the air refractive index n0=1
and the sapphire substrate refractive index n2 Ref. 37.
The multiple interference fringes were calculated by a con-
ventional expression for the Fabry–Pérot oscillations
R =  r01 + r12 exp− i2
1 + r01r12 exp− i2
2, 3
where the amplitude reflection coefficients rij for the s- and
p-polarization configurations are
rij =
ni cos i − nj cos  j




nj cos i − ni cos  j
nj cos i + ni cos  j
, 5
respectively, and i and  j represent the incidence and refrac-

































































































FIG. 5. Color online Steady-state optical spectra of the 2-m-thick AlN
epilayer A2 NE=2108 cm−2 grown on a 0001 Al2O3 at 10–12 K. Par-
tially polarized OR spectra taken under a s-polarization and b
p-polarization configurations, where s-polarization is fully Ec and
p-polarization contains E c component superimposed on the dominant Ec
one. Dashed line represents the calculated curve for the Fabry–Pérot oscil-
lations. c Fitting result of the polarized OR spectrum taken under
s-polarization. Deconvoluted d B-exciton and e C-exciton reflectance
spectra. f High-resolution NBE CL spectrum. g Fitting result and h
deconvoluted spectra assuming Lorenzian functions. Four bound exciton
lines as well as ground-state and the first excited-state free exciton lines are
observed. Partially polarized CL spectra are taken under i p-and j
s-polarization configurations.
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nj cos  j , 6
where dj is the thickness of the jth layer. For the OR spec-
trum calculation, Urbach–Martienssen38,39 tail in the absorp-
tion spectrum was taken into account. The calculated curve
well reproduced the OR spectrum, as shown by the dashed
line in Fig. 5a. However, significant disagreement was
found above 6.1 eV due presumably to the steep change in n.
In order to visualize the differences between the s- and
p-polarized OR spectra, their NBE portions are magnified in
Fig. 6. Distinct differences are found between 6.12 and 6.20
eV, as shown by two vertical arrows. Characteristic antiphase
signals are superimposed to flatten the lineshape for the
p-polarized spectrum. Those energy positions agree well
with the CL peaks at 6.1383 and 6.1768 eV, as shown by
dotted vertical lines in Figs. 5 and 6. Moreover, a significant
change was found in the polarized CL spectra, as shown in
Figs. 5i and 5j. The absolute peak intensities of the CL
peaks at 6.1383 and 6.1768 eV for the p-polarized spectrum
were larger than the s-polarized ones. Since these results
obey the polarization selection rules for A-transition, CL
peaks at 6.1383 and 6.1768 eV are assigned as being due to
the recombinations of ground-state and the first excited-state
An=2 free A-exciton, respectively.
The reflectance anomaly around 6.28 eV Fig. 5a was
fitted using the following lineshape function,33 taking the
excitonic reflectance anomalies for B- and C-transitions into
account,
IE = I0 + I Re
ei
E − E + i
 = B and C , 7
where I0 is a background, I is an amplitude, E is an exciton
energy,  is a broadening parameter,  is a phase factor
that depends on incident beam angle, effective field strength,
and surface conditions, and  represents B- and C-exciton
transitions, respectively. The fitting curve is shown in Fig.
5c, and the deconvoluted reflectance spectra of B- and
C-exciton transitions are shown in Figs. 5d and 5e, re-
spectively. The significant parameters obtained from the fit-
ting were EB=6.277 eV, B=28 meV, B=0.32, EC
=6.304 eV, C=29 meV, and C=−0.59. The exciton
resonance energies are indicated by the arrows in Figs. 5d
and 5e. Since the energy of the CL shoulder at 6.27 eV in
Fig. 5f nearly agrees with EB, it is tentatively assigned to
associate with B-excitons.
TABLE I. NBE emission peak energies obtained for a 2-m-thick compressively strained a /a−1.68% AlN sample A2 NE=2108 cm−2 grown on a
0001 Al2O3 substrate. Peak energy, FWHM values, and amplitude were obtained by assuming eleven Lorenzian functions. Corresponding emission peak
energies reported for nearly strain-free bulk single crystals or homoepitaxial layers grown on the bulk crystals Bulk, epilayers grown by NH3-source























B 6.27 60 0.0025 6.243d 6.22
An=2 6.1768 11 0.0220 6.065
d 6.081 6.0772
An=1 6.1383 5 0.1600 6.029
d 6.045 6.0346
I2 6.1243 2.8 0.2730 14 6.014 15 6.030 15 6.0232 11
I2 6.1153 4.5 0.0350 23 6.008 21 6.022 23 6.0153
e 19
I2 6.1087 2.3 0.0146 30 6.000 29
I2 6.104 14 0.0526 34 5.984
f 45 5.9995f 35
An=2−1LO 6.058 30 0.0105 119
An=1−1LO 6.019 15 0.0085 119 5.938 107
An=2−2LO 5.942 30 0.0011 235




dDetermined by OR measurements.
eAssigned to biexciton emission.






































FIG. 6. Color online Magnified partially polarized OR and unpolarized CL
spectra at 10–12 of the 2-m-thick AlN sample A2 NE=2108 cm−2.
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C. Comparison of excitonic transition energies in AlN
In addition to free exciton lines, distinct four bound ex-
citon lines were observed at 6.1243, 6.1153, 6.1087, and
6.104 eV, as shown in Fig. 5f. The highest energy peak at
6.1243 eV exhibited the narrowest FWHM value 2.9 meV.
Assignments for the NBE emission peaks are summarized in
Table I. Corresponding emission peak energies reported for
the bulk single crystals or homoepitaxial layers grown on the
bulk crystal,22 epilayers grown by NH3 source molecular
beam epitaxy NH3-MBE,
30 and a-plane epilayers grown by
MOVPE Ref. 40 are also listed for comparison. In addition,
the energies of B- and C-excitons obtained from OR mea-
surement are also shown. The exciton transition energies ob-
tained herein were higher by approximately 110 meV for
A-exciton and by 35 meV for B- and C-excitons than those
of the bulk AlN single crystal,22 since the present sample
suffers from biaxial compressive strain of as high as a /a
−1.68%.25 The energy separation E between free
A-exciton and each emission peak is given in the fifth col-
umn. As shown, E for the 6.1243, 6.1153, and 6.1087 eV
peaks are comparable to those reported for the bulk AlN
crystal22 and epilayers grown by NH3-MBE.
30 They are thus
assigned as being due to the recombinations of excitons
bound to particular neutral donors, which may have the same
origins. From the energy separation between the ground-state
An=1 and the first excited-state An=2 free A-exciton, hy-
drogenic binding energy of A-exciton can be estimated to be
approximately 51 meV. The value nearly agrees with those
reported for the bulk AlN crystal 48 meV Ref. 22 and the
AlN film grown by NH3-MBE 48 meV.
30 We note that
there is certain ambiguity of whether hydrogenic model is
applicable for AlN. The spectrum also exhibited two series of
longitudinal optical LO phonon replicas at 6.058, 6.019,
5.942, and 5.907 eV. Considering the energy separations and
the energies of A1LO and E1LO modes 111 and 114
meV, respectively,41 nonphonon lines must be ground-state
and first excited-state A-exciton lines.
High-resolution NBE CL spectra of the same sample A2
are shown as a function of temperature in Fig. 7a. The
bound exciton peaks showed faster thermal quenching than
the free exciton peaks, and the spectrum was dominated by
free A- and BC-exciton emissions at room temperature. Ex-
citonic CL peak energies are plotted as a function of tem-
perature in Fig. 7b. The temperature variation in A-exciton
energy was well fitted by the following equation assuming
Bose–Einstein statistics,42,43




where free A-exciton peak energy at 0 K, EA0, is 6.137 eV
and Einstein characteristic temperature also named as Viña
parameter E is 464 K. The value of E is smaller than that
previously obtained for sample A0 586 K, and is larger
than that obtained for AlN/SiC 345 K.35 Nevertheless, the
values nearly agree with the energy maximum of the lower
energy group of LO phonon branches near the Brillouin zone
edge K and M points being 350–640 K.44
IV. CONCLUSION
High-resolution exciton spectra of AlN epilayers grown
by MOVPE were studied by means of partially polarized OR
and CL measurements. As a result of a reduction in TDD,
concentrations of radiative and nonradiative point defects as-
sociated with VAl were remarkably decreased, and a spectral
fine structure originating from free and bound excitons was
clearly observed in the low-temperature CL spectra. The hy-
drogenic A-exciton binding energy was estimated to be ap-
proximately 51 meV.
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FIG. 7. Color online a High-resolution NBE CL spectra of the AlN
sample A2 NE=2108 cm−2 as a function of temperature. b Excitonic
CL peak energies as a function of temperature. Solid line is a fitting curve
assuming Bose–Einstein statistics.
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